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Introduction
How does a female body, having recognized that there is an environment of energy deprivation and therefore a poor situation in which to introduce a new individual, suppress its reproductive system and reduce fertility? The question can be reduced to how are the signals to the GnRH neurone modified so that the gonadotrophins are not stimulated towards production of a fertilizable egg.
In the female there is a well-recognized relationship between restricted nutritional intake and reduced reproductive function (Saiduddin et al., 1973; Warren, 1980; Kalra and Crowley, 1984; Dyer et al., 1985) . There is a consequent absence of cyclical exposure to the steroid hormones that are normally associated with follicular and luteal activity and ovulation during a fertile menstrual cycle. Even small declines in accessible energy, such as that which represents a recreational level of exercise, can produce ovulatory disturbances in women (De Souza et al., 1998) without the onset of amenorrhoea. In monkeys, even the change in energy balance resulting from an overnight fast induces marked decreases in LH secretion (Cameron and Nosbisch, 1991) . Within a daily cycle there is a tight relationship between metabolic rate and LH pulsatility. These patterns appear to result from the changing availability of metabolic fuels (Fenichel et al., 2008) and the response of the reproductive axis to changes in nutritional state can be rapid (Foster et al., 1989; Sullivan et al., 2003) . Over a longer duration, the effects of low energy stores result in reduction of function of the ovulatory cycle as in female athletes (Warren, 1992; Georgopoulos et al., 1999) during training. Additionally, in the human, excessive simple weight loss that occurs as a consequence of either somatic or psychiatric illnesses is associated with hypogonadotrophic hypogonadism (Vigersky et al., 1977) .
Many of the neurones that directly or indirectly link to GnRH neurones, the central drivers of the reproductive axis, contain compounds that are also involved in appetite control. Here, we consider galanin, galanin-like peptide (GALP), alpha-melanocytestimulating hormone (aMSH), neuropeptide Y (NPY) and oxytocin, which may be stimulated or inhibited by hormones that are secreted by peripheral tissues in proportion to metabolic status (including leptin, insulin and ghrelin; Schwartz et al., 2000) . Recent data indicating that these metabolic hormones do not interact directly with GnRH neurones has raised the profile of the potential intermediate neuropeptides. There are receptors to these peptides on a range of cells with potential to receive stimuli, and there is positioning of dendrites and axons to facilitate complex neuronal interactions leading to finely tuned responses to environmental change. The presence of these peptides, with roles in both the reproductive axis and appetite control, endow the female organism with a potential to integrate nutritional status with fertility. In addition, we include background on kisspeptin, another neuropeptide that is central to GnRH modulation, and GnRH itself in this introductory section. This review then considers compounds that are involved in both appetite and fertility regulation. To affect fertility, all these compounds ultimately target the GnRH neurone, sometimes via indirect pathways.
GnRH
GnRH from the hypothalamus is the immediate signal for release of gonadotrophins from the anterior pituitary and is necessarily released as pulses from neurones scattered between the rostral preoptic area (rPOA) and the arcuate nucleus (ARC) (Belchetz et al., 1978) . The ARC is believed to be the site of the pulse generator. Whereas GnRH soma located in the ARC is a characteristic of primates, in rodents this nucleus has virtually no GnRH soma. In the rat there is a large population of GnRH neurones in the rPOA associated with the diagonal band of Broca and organum vasculosum lamina terminalis. The neurone population extends dorsally and laterally. The GnRH neurones project to the median eminence (Dees et al., 1999) . Scattered GnRH neurones have also been observed in the septal nucleus, anterior hypothalamic area, supraoptic commissure and olfactory tubercle (Joseph et al., 1981; Bennett-Clarke and Joseph, 1982; Witkin et al., 1982) .
The GnRH pulses of appropriate amplitude and at the relevant frequencies must be generated at the particular stages of the ovulatory cycle (Clarke, 1987) . The patterns of pulsatile disturbance range from a complete lack of GnRH secretion to those that appear very little different from normal, and disorders may exhibit abnormal patterns of frequency or amplitude alone or together. Altered release of LH and FSH from the pituitary thence occurs (Genazzani et al., 1995; Perkins et al., 1999) . Interactions of factors with GnRH neurones (Fig. 1) underlie modulations of fertility in female individuals.
Kisspeptin
Kisspeptin is a recently discovered peptide of 54 amino acids (Lee et al., 1996) . Kisspeptin-54 and its N-terminally truncated variant kisspeptin-10 were revealed to stimulate LH secretion, including in the human Navarro et al., 2004; Dhillo et al., 2005 Dhillo et al., , 2007 Plant et al., 2006) . Conversely, immunoneutralization of endogenous kisspeptin blocked the pre-ovulatory LH surge and disrupted oestrous cyclicity in the rat (Kinoshita et al., 2005) .
Kisspeptin immunoreactivity within the hypothalamus is distributed in three neuronal populations. The most rostral population extends from the anteroventral periventricular nucleus (AVPV) to the preoptic periventricular nucleus. This population is well established in rodents but its presence in primates is uncertain (Ramaswamy et al., 2008) . Two more caudal populations are in the ARC and the dorsomedial nucleus (DMN) (Han et al., 2005; Clarkson and Herbison, 2006) ; the lack of mRNA evidence for the DMN population suggesting they may be an immunoreactive artifact. AVPV kisspeptin neurones are known to project to GnRH soma and drive the pre-ovulatory surge (Clarkson and Herbison, 2006) , whereas there is disagreement between rat and mouse tracing studies as to whether ARC kisspeptin neurones project to GnRH soma (True et al., 2011; Yeo and Herbison, 2011) .
Pharmacological antagonism of GnRH inhibited the ability of kisspeptin to elicit LH (and FSH) secretion, including in primates Shahab et al., 2005) . Kisspeptin-10 elicited GnRH release by rat hypothalamic explants (Castellano et al., 2006; Nazian, 2006) and in vivo intracerebral injection of kisspeptin in the sheep induced the release of GnRH into the cerebrospinal fluid (CSF; Messager et al., 2005) . Hence it was concluded that kisspeptin affects LH via GnRH neurones, and is mediated via the GPR54 receptor (Irwig et al., 2004; d'Anglemont de Tassigny et al., 2007) . Study of genetic mutations in GPR54 resulting in loss of function has revealed that the mechanism occurs also in humans (de Roux et al., 2003; Seminara et al., 2003) .
GnRH neurones do not contain the alpha form of the estrogen receptor but are influenced by estrogens during the ovulatory cycle. However, kisspeptin-expressing neurones possess estrogen receptors Herbison, 2008) and there can thus be estrogenmodulated release of kisspeptin which in turn influences GnRH release.
There is an increase in kisspeptin mRNA levels at the AVPV (but not at the ARC) during the evening of pro-oestrus in the rat (Smith et al., 2006b) . Expression of kisspeptin mRNA at AVPV decreased after gonadectomy and markedly increased following estrogen replacement Quennell et al., 2010) . These neurones mediate the positive feedback actions of estrogens on GnRH and LH surges at the pre-ovulatory period in the cyclic female rodent (Smith, 2009) , although caution is required in generalizing this conclusion across species, in particular to primates and sheep (Oakley et al., 2009; Smith, 2009) . Alteration of kisspeptin gene expression selectively at the ARC occurs by both removal (increased expression of kisspeptin mRNA) and replacement (reduced expression) (Navarro et al., 2004) of sex steroids. Post-menopausal women and ovariectomized monkeys exhibit increased KiSS-1 gene expression in the ARC (Rometo et al., 2007) . Thus, kisspeptin neurones at the ARC may convey negative feedback effects of sex steroids in rodents and also in primates . The importance of an active kisspeptin axis has been noted in clinical conditions in women (Jayasena et al., 2010) .
Co-ordinated hormones and neuropeptides
We present an integrative hypothesis, in the section 'How metabolically responsive neuropeptide interactions impact on gonadotrophin levels', for processes that underlie modulation of reproductive function in response to metabolic energy. In this review evidence for involvement of the compounds in both the reproductive and appetite axes is assembled. Increased or decreased levels of the peripheral hormones as energy supply changes impacts on the behaviour of the hypothalamic neuropeptides that are involved in both axes. The absence of an estrogenic milieu during anovulation compared with presence of estradiol during follicular maturation is important for the regulation of most of these neuropeptides (Fig. 1) . Clinical examples or reports of women or primates are presented where appropriate. Some of the caveats that may influence the interpretation of the hypothesis and indicate areas of further research are noted in section 'Questions and thoughts for the future' of this paper. Figure 1 The effect of estrogenic status on the interactions with the GnRH neurone of neuropeptides and hormones that are involved in regulation of food intake and in the fertility axis. There is opportunity for the same peptide to be either stimulatory or inhibitory. In a number of cases an effect of a neuropeptide has been established but the pathway by which the effect occurs is not necessarily directly on the GnRH neurone. In the case of peripheral hormones this is indicated by dashed lines. Green arrows indicate stimulatory activity. Red arrows indicate inhibitory activity or reduced stimulatory activity. The High E/Low E boxes are indications of the estrogenic state. aMSH, alpha-melanocyte-stimulating hormone; GALP, galanin-like peptide; NPY, neuropeptide Y. Manuscripts reporting the observations were: 1 (Caldwell et al., 1994) ; 2 Uenoyama et al., 2008) ; 3 (Sahu et al., 1987; Lopez and Negro-Vilar, 1990; Ceresini et al., 1994; Marks et al., 1994; Rossmanith et al., 1996b) ; 4 (Splett et al., 2003) ; 5 Dhillo et al., 2007; Quennell et al., 2009; Donato et al., 2011); 6 (Smith et al., 2005; Rometo et al., 2007) ; 7 (Alde and Celis, 1980; Celis, 1985) ; 8 (Volosin and Celis, 1984; Celis, 1985) ; 9 (Kerkerian et al., 1985; Crowley and Kalra, 1987; Khorram et al., 1987; Kaynard et al., 1990; Jain et al., 1999); 10 (Crowley and Kalra, 1987; Khorram et al., 1987; Kaynard et al., 1990; Raposinho et al., 1999) ; 11 Lebrethon et al., 2007; Vulliemoz et al., 2004) ; 12 (Bruning et al., 2000; Burcelin et al., 2003) ; 13 (Chehab et al., 1996; Mounzih et al., 1997; Lin et al., 2005; Gao and Horvath, 2008) .
Integration of the reproductive and energy balance axes
Methods
We performed a series of PubMed database searches that included the key words, alone or in combination: galanin, GALP, gonadotrophinreleasing hormone, kisspeptin, MSH, POMC, NPY, oxytocin, ghrelin, insulin, leptin; or in combination with anovulation, energy, LH, estrogen or ovulation. Data were subsequently extracted from those articles that were most relevant for this review. Appropriate secondary data sources were also examined, including references cited in the primary articles and additional manuscripts, reviews and Web-based information of which the authors had become aware. No language restrictions were applied.
Hormones that influence both the reproductive and food intake axes
The hormones leptin, insulin and ghrelin, have influence on the reproductive and food intake axes, which includes interactions ( Fig. 2 ) with neuropeptides that are also involved in the functioning of both axes. The integrated co-ordination of these compounds provides means for the ovulatory system to respond to available metabolic fuels.
Leptin

Leptin and food intake
Leptin is a 16 kDa protein produced in white adipose tissue (Zhang et al., 1994) . Leptin acts as a satiety signal (Ahima et al., 1996) but leptin levels are also influenced by factors other than body composition , transmitting information to regulatory centres in the hypothalamus (Elmquist et al., 1998b; Schwartz et al., 2000) . Plasma leptin exhibits a diurnal rhythm, which appears to be entrained to meal timing in humans (Schoeller et al., 1997; Mars et al., 2006) . Women with disordered eating and decreased energy consumption have lower circulating leptin levels, with both a lower baseline and a blunted diurnal curve (Laughlin and Yen, 1997; Warren et al., 1999) .
Leptin affects numerous peptidergic neurones, and acts especially in the medialbasal hypothalamus (MBH), where there are dense arrays of leptin receptors, especially in the ARC but also in the ventromedial hypothalamus, dorsomedial hypothalamus (DMH) and ventral premammillary nucleus (PMV) (Mercer et al., 1996; Elmquist et al., 1998a) . There are two distinct main populations of leptin receptorbearing cells in the ARC; one of them coexpresses NPY and agouti-related protein (AgRP) and the other coexpresses pro-opiomelanocortin (POMC) and cocaineand amphetamine-regulated transcript (CART). These correspond to the apparent two major pathways of energy regulation. Figure 2 Interactions between neuropeptides and hormones that are involved in regulating energy balance and ovulation. The multiple pathways suggest potential for finely-tuned modulation of the GnRH neurone, which can thereby respond to a complex environment. Some pathways are yet to be fully characterised and may be partly or entirely indirect. Green arrows indicate stimulatory activity. Red arrows indicate inhibitory activity. Gold compounds are orexigenic. Blue compounds are anorectic. Manuscripts reporting the observations were: 1 (Horvath et al., 1996) ; 2 (Bergonzelli et al., 2001) ; 3 (Kuramochi et al., 2006) ; 4 ; 5 (Polkowska et al., 2006; Schwartz et al., 1996) ; 6 (Schwartz et al., 1992) ; 7 (Fu and van den Pol, 2010); 8 (Asakawa et al., 2001; Cowley et al., 2003; Kamegai et al., 2001; Nakazato et al., 2001; Riediger et al., 2003) ; 9 (Nogueiras et al., 2004) ; 10 (Forbes et al., 2009); 11 (Schwartz et al., 1997; Spiegelman and Flier, 2001) ; 12 (Benoit et al., 2002) ; 13 (Fu and van den Pol, 2010) ; 14 (Cowley et al., 2003; Riediger et al., 2003) ; 15 (Broberger et al., 1997) ; 16 4 (Bouret et al., 2002; Kinney et al., 1998; Poulain et al., 2003) ; 17 (Hansen et al., 2003) ; 18 (Tung et al., 2008) ; 19 (Jureus et al., 2000) ; 20 ; 21 (Cheung et al., 2001; Sahu, 1998 ).
Leptin and fertility
There is now substantial evidence for leptin involvement in reproduction. Leptin-deficient animals exhibit impaired GnRH secretion but ovulation is restored by administration of leptin (Johnson and Sidman, 1979; Batt et al., 1982; Chehab et al., 1996; Mounzih et al., 1997) . Conversely, immunoneutralization of leptin results in a reduction of LH pulsatility (Carro et al., 1997) . Leptin is associated with not only maintenance of LH pulsatility (Licinio et al., 1998a; Fenichel et al., 2008) but also the pre-ovulatory surge that drives ovulation (Quennell et al., 2009) . Additionally in women with low BMI, low circulating leptin levels and hypothalamic amenorrhea, leptin administration will restore LH pulses (Welt et al., 2004) , menstrual cyclicity and ovulation (Chou et al., 2011) . Disruption by mutations of either leptin or its receptor interrupts the reproductive axis in the human (Clement et al., 1998; Strobel et al., 1998) .
Circulating leptin levels were increased by exogenous estradiol in women (Lin et al., 2005) , and modulation of leptin activity in the hypothalamus occurs partly under the influence of estrogen (Gao and Horvath, 2008; Brown and Clegg, 2010) . Leptin receptor levels are lowest in the choroid plexus (where central leptin uptake from the periphery may occur) at pro-oestrus, and follow a pattern that is inversely related to concentration of peripheral estradiol, although not in the ARC and ventromedial nucleus (VMN; Bennett et al., 1999) .
One recently proposed site of action for leptin's effects is the PMV, which contains neurones that express leptin receptors and project to GnRH soma (Rondini et al., 2004; Leshan et al., 2009; Louis et al., 2011) or to AVPV kisspeptin neurones and GnRH terminals in the median eminence . Ablation of the PMV disrupted oestrous cyclicity in female rats (Donato et al., 2009) . Selective PMV leptin receptor re-expression in leptin receptor null mice induced female puberty onset and some pregnancies . Importantly, neither manipulation affected body weight indicating that the cells in this region do not regulate metabolic function. Another potential site of action is the medial proptic area (MPOA) and AVPV (Quennell et al., 2009; Scott et al., 2009) , which contains neurones that are markedly activated during the period of estrogen positive feedback in females (Le et al., 1997) . Little is known about the neuropeptides produced by the target cells of leptin in the PMV and MPOA/AVPV. However, more than 90% of the PMV leptin receptor-expressing cells are known to be glutamatergic ) and leptin appears to target neuronal nitric oxide neurones in both regions. At least in the rat, PMV CART neurons have also been proposed to mediate leptin effects on reproductive control (Rondini et al., 2004) .
In female rowers, plasma leptin decreased in proportion to distance rowed (Jurimae and Jurimae, 2004) . In some female athletes a decrease in leptin was observed following 20 weeks of exercise training (Baylor and Hackney, 2003) . Women with functional hypothalamic amenorrhea (FHA), including those with normal BMI, have lower leptin levels than controls, apparently resulting from conditions such as energy balance affecting the leptin/BMI ratio (Andrico et al., 2002) . Although a link between leptin concentrations and exercise associated with FHA is suggested by observations that exercising women with FHA have lower leptin levels than ovulating women Warren et al., 1999; Corr et al., 2011) , when the results are controlled for body fat there is no difference (Corr et al., 2011) . Thus, factors other than exercise may also be important in modulation of leptin levels (Tataranni et al., 1997; Laughlin et al., 1998) .
Leptin interactions with GnRH-expressing neurones
Despite effects of leptin on GnRH release from cultured cells (Woller et al., 2001 ) and hypothalamic explants (Yu et al., 1997) , leptin does not seem to have a direct interaction with GnRH neurones in vivo as conditional leptin receptor deletion from GnRH neurons does not affect fertility and these cells do not exhibit signalling responses to leptin or contain leptin receptor mRNA (Finn et al., 1998; Quennell et al., 2009; Louis et al., 2011) . Thus, leptin's effects on GnRH are apparently conveyed indirectly, including those in primates (Finn et al., 1998) .
Leptin interactions with kisspeptin-expressing neurones
Leptin acts in the AVPV and in the surrounding MPOA (Quennell et al., 2009; Scott et al., 2009 ) but does not directly stimulate the critical AVPV kisspeptin neurones, although recent findings have established that leptin receptors are expressed in kisspeptin neurones of the ARC at a modest level Donato et al., 2011; Louis et al., 2011) . Furthermore, Cre/lox conditional transgenic deletion revealed that direct action of leptin on kisspeptin neurones is not required for fertility or pubertal maturation , suggesting that suppressive effects of leptin deficiency (Quennell et al., 2011) occur via other intermediate cells rather than directly on kisspeptin neurones.
Leptin interactions with NPY/AgRP-expressing neurones
Leptin reduces expression of NPY and AgRP mRNA and peptide levels in the ARC (Schwartz et al., 1996 (Schwartz et al., , 2000 Polkowska et al., 2006) . Leptin is also able to alter the firing rate of AgRP/NPY neurones (Cowley et al., 2001; Takahashi and Cone, 2005) . Thus, NPY-induced feeding (Kotz et al., 1998) may be modulated by leptin (Hauseknecht and Portocarrero, 1998; Baskin et al., 1999a ). Leptin's stimulation of GnRH pulsatility in hypothalamic explants was unaffected by a Y5-receptor antagonist and NPY might not be involved in this leptin effect (Lebrethon et al., 2000) .
Leptin interactions with galanin-expressing neurones
Leptin potentially induces decreases in galanin expression in the hypothalamus (Sahu, 1998a) , specifically in the paraventricular nucleus (PVN), through which galanin may increase fat ingestion (Cheung et al., 2001 ) and thereby suppress the orexigenic effects of galanin (Sahu, 1998b) . However, the level of leptin receptors on galanin neurones is low. Therefore, it has been suggested that the main action of leptin on galanin expression may be indirect, possibly through either NPY-or POMC-expressing cells in the hypothalamus (Cheung et al., 2001) .
Leptin interactions with GALP-expressing neurones
It has been shown that most (more than 85%) GALP-containing neurones express leptin receptors (Takatsu et al., 2001a) and leptin up-regulates the expression of GALP mRNA levels in the hypothalamus (Jureus et al., 2000) . Further, GALP mRNA levels are reduced in the hypothalamus of leptin receptor-mutated Zucker obese rats and of db/db animals (Jureus et al., 2001; Kumano et al., 2003) , and Integration of the reproductive and energy balance axes leptin administration restores expression in GALP-expressing cells in fasted rats and leptin-deficient ob/ob mice.
Leptin interacts with oxytocin-expressing neurones
Leptin receptors have been detected in oxytocin-containing magnocellular neurones of the supraoptic nucleus and PVN (Hakansson et al., 1998) . Leptin restores mRNA levels of oxytocin that have been reduced by fasting (Tung et al., 2008) .
Leptin interactions with POMC-expressing neurones
Neurones expressing POMC, of which aMSH is a cleavage product, possess leptin receptors (Joseph et al., 1985; Cheung et al., 1997) , and POMC mRNA expression is increased by the presence of leptin (Spiegelman and Flier, 2001 ). The reduction in POMC mRNA that occurs during fasting could be reversed with leptin administration (Schwartz et al., 1997) . It has been recognized, however, that the POMC neurones interact with only some of the actions of leptin (Marsh et al., 1999; Ellacott and Cone, 2004) . Mice in which the leptin receptor was conditionally knocked out on POMC neurones had normal fertility, indicating that leptin's action on the cells that produce aMSH is not critical for regulation of reproduction (Shi et al., 2010) .
Insulin
Insulin and food intake
As with leptin, the circulating levels of insulin are positively correlated with adiposity and body weight . Delivery of insulin to the central nervous system decreases food intake and body weight in mice (Brown et al., 2006) and men (Hallschmid et al., 2004) .
Insulin and fertility
Increasing circulating insulin levels cause a significant rise in LH secretion in male mice. Insulin also stimulated the secretion (Burcelin et al., 2003) and gene expression (Kim et al., 2005) of GnRH by hypothalamic neurones in culture. Female neurone-specific insulin receptor-knockout mice exhibited low LH levels that responded to GnRH (Bruning et al., 2000) . Insulin has been proposed to modulate leptin expression (Malmstrom et al., 1996) and has been reported to stimulate leptin synthesis (Gettys et al., 1996; Leroy et al., 1996) . Interestingly, leptin potentiates the effect of insulin both on GnRH secretion (Burcelin et al., 2003) and peripheral glucose homeostasis , implying an interaction between these two hormones. Circulating insulin concentrations were observed to be lower in amenorrheic women (Laughlin and Yen, 1997) and in exercising women with FHA (Laughlin et al., 1998) and are associated with decreased leptin production in exercising amenorrheic women (Corr et al., 2011) .
Insulin interactions with GnRH-expressing neurones
Insulin receptor knockout on GnRH neurones has no effect on fertility (Divall et al., 2010) and thus these cells are unlikely to be able to respond directly to insulin. Insulin-induced phosphorylation of the signalling molecule AKT is also not seen in GnRH neurones in mice (M. Corr and G.M. Anderson, unpublished data 
Insulin interactions with GALP-expressing neurones
Central administration of insulin during a fast stimulates the expression of GALP mRNA, and insulin treatment corrects the diminished expression of GALP mRNA seen in the ARC of rats with streptozotocin-induced Type I diabetes .
Insulin interactions with POMC-and NPY/AGRP-expressing neurones
POMC neurones possess insulin receptors. The loss of insulin receptors in POMC-or AgRP-expressing neurones, which regulate appetite, did not also affect fertility (Konner et al., 2007) . However, using mice lacking both leptin and insulin receptors specifically in POMC neurones, in addition to insulin resistance, female double knockouts displayed elevated serum testosterone levels and ovarian abnormalities, resulting in reduced fertility. Direct insulin and leptin action on POMC neurones is required for normal glucose homeostasis and fertility (Hill et al., 2010) .
Ghrelin
Ghrelin and food intake
Ghrelin is a 28-amino-acid peptide discovered in 1999 (Kojima et al., 1999) which is orexigenic (Wren et al., 2001) . Ghrelin action at the hypothalamus may occur by at least two different routes (Korbonits et al., 2004) . First, after release into the bloodstream by the stomach, ghrelin may cross the blood -brain barrier (Banks et al., 2002) . Secondly, ghrelin effects may be transmitted to the brain via the vagal nerve and nucleus tractus solitarius . Also, ghrelin (a possibly inactive form) is produced locally (Lu et al., 2002; Furness et al., 2011) . Intracerebral injections of ghrelin strongly stimulated feeding in rats, with fat ingestion as a food choice (Shimbara et al., 2004) . Food intake and obesity are inhibiting factors for ghrelin secretion (McKee et al., 1997; Cummings et al., 2001; Otto et al., 2005) . Ghrelin production is stimulated by fasting and negative energy balance (Tolle et al., 2003; De Souza et al., 2004) . Increased ghrelin levels are observed in women with eating disorders and exercising women who have weight loss Schneider and Warren, 2006) .
Ghrelin and fertility
Ghrelin is a gut peptide and also observed in the hypothalamus (Cowley et al., 2003; Jeon et al., 2004) . Intracerebroventricular administration of ghrelin has been found to suppress LH secretion in ovariectomized rats (Furuta et al., 2001; Fernandez-Fernandez et al., 2004) and ghrelin inhibits GnRH secretion from hypothalamic pieces in vitro (Furuta et al., 2001; Iqbal et al., 2006) .
Exercising or underweight amenorrheic patients had a greater serum ghrelin concentration than those who maintained their weight (De Souza et al., 2004) . Similarly, one study reported that women with FHA exhibited higher ghrelin levels compared with ovulating women (Meczekalski et al., 2008) but not in another investigation (Schneider and Warren, 2006) . Also higher levels of ghrelin were observed in amenorrhoeic adolescent athletes than in eumeorrhoeic or sedentary controls (Christo et al., 2008) . In ovariectomized rhesus monkeys a peripheral infusion of ghrelin suppressed LH secretion (Vulliemoz et al., 2004) . Conversely elevated ghrelin levels have been reported in exercising amenorrheic or anovulatory women (De Souza et al., 2004) . A link has also been noted between elevated ghrelin and FHA in women with abnormal eating patterns (Schneider and Warren, 2006) .
Leptin interactions with ghrelin receptor-expressing neurones
A single intracerebroventricular injection of specific immunoglobulin G anti-leptin antibodies attenuated the fasting-induced increase in growth hormone secretagogue/ghrelin receptor (GHS-R) in the ARC but had no effect in fed rats 2 h after injection, whereas leptin infusion for 24 h or longer significantly decreased GHS-R expression in fed rats (Nogueiras et al., 2004) . Ghrelin significantly increased GHS-R expression.
Ghrelin interactions with GnRH-expressing neurones
While ghrelin is able to suppress pulsatile GnRH secretion (Lebrethon et al., 2007) , it is currently uncertain whether this represents a direct or indirect effect. The inhibitory effect of ghrelin on LH pulse frequency may, in part, be mediated by the hypothalamic -pituitaryadrenal axis (Vulliemoz et al., 2008) .
Ghrelin interactions with kisspeptin neurones
Ghrelin was shown to down-regulate Kiss1 mRNA levels in the AVPV but not in the ARC (Forbes et al., 2009) . Considering the role of this kisspeptin population for the pre-ovulatory GnRH/LH surge, this may be a contributing factor in fasting-related suppression of ovulation. It is unknown if this represents a direct effect of ghrelin on kisspeptin neurones.
Ghrelin interactions with NPY-expressing neurones
GHS-R mRNA is expressed in almost all of the neurones in the ARC that express NPY (Willesen et al., 1999) and intracerebroventribular administration of ghrelin leads to increases in the expression of both NPY and AGRP mRNAs (Asakawa et al., 2001; Kamegai et al., 2001; Nakazato et al., 2001) and may stimulate release of the peptides (Hosoda et al., 2006) . In the ARC ghrelin increases the firing of neurones (Cowley et al., 2003; Ellacott and Cone, 2006) . Further, antibodies and antagonists of NPY and AgRP abolished ghrelin-induced feeding (Hosoda et al., 2006) . Ghrelin also possibly acts via NPY/Y1 receptor pathway to inhibit leptin effects on feeding (Shintani et al., 2001) .
Ghrelin interacts with POMC-expressing neurones
In the ARC, ghrelin immunoreactive fibres form contacts with POMC neurones, and ghrelin elicits a direct inhibition of firing of POMC cells (Cowley et al., 2003; Riediger et al., 2003) . GHS-R mRNA is expressed in some (8%) cells in the ARC that express POMC (Willesen et al., 1999) .
Neuropeptides that are involved in both the reproductive and energy balance axes
The neuropeptides under consideration in this review have characteristics that enable them to be involved in both the reproductive and energy balance axes. Their properties as stand alone peptides will be considered and then in following subsections the interactions between them will be described.
Neuropeptide Y NPY and fertility
NPY is a 36-residue amino acid peptide found abundantly in the ARC (Tatemoto et al., 1982) where it is synthesized and transported along axonal projections to regions such as the lateral hypothalamic area, the PVN, DMN and VMN (Bai et al., 1985; Kalra, 1997) . Neurones that express NPY are adjacent to GnRH cell bodies and dendrites (Skinner and Herbison, 1997) in the rPOA (Guy et al., 1988; Tsuruo et al., 1990 ) and the ARC (Chronwall et al., 1985; Li et al., 1999) . A correlated pulsatile release of GnRH and NPY in the median eminence of gonadectomized rhesus monkeys has been noted . Administration of NPY antibodies (Xu et al., 1993) or antisense oligodeoxynucleotides suppresses LH secretion in steroid-primed ovariectomized rats (Wehrenbeg et al., 1989; Kalra et al., 1995) .
NPY has contrasting effects on release of hypothalamic GnRH depending on the endocrinological environment. In particular, NPY is stimulatory when estrogen levels are high and it inhibits GnRH release when low concentrations of estrogen are present (Kerkerian et al., 1985; Crowley and Kalra, 1987; Khorram et al., 1987; Kaynard et al., 1990; . The details of involvement of the Y1, Y4 and Y5 receptors in inhibiting and stimulating GnRH neurones are yet to be delineated (Jain et al., 1999; Raposinho et al., 1999; Xu et al., 2009) . Hence not only NPY levels and steroid milieu may be important physiologically but also the still poorly clarified activities of the receptor subtypes.
NPY and food intake
NPY is a potent orexigenic peptide (Clark et al., 1984; Stanley and Leibowitz, 1984) . NPY acts through Y1 and Y5 receptors (Mashiko et al., 2009; Xu et al., 2009 ) to increase food intake and seems to be associated with a stimulation of preference for carbohydrate (Stanley et al., 1985; Morley et al., 1987) . During food deprivation NPY expression increases (Sahu et al., 1988; Baskin et al., 1999b; Grove et al., 2003) and secretion of NPY in the PVN increases (Dube et al., 1992) . In addition levels of Y1 receptor mRNA increase (Xu et al., 1998) . AgRP, an antagonist of melanocortin receptors that possesses orexigenic effects, is produced by the same neurones as NPY and it is affected similarly to NPY (Hahn et al., 1998) .
Galanin
Galanin and fertility
Galanin, first identified as a gut peptide, is synthesized in the PVN Odorizzi et al., 1999) , the ARC (Skofitsch and Jacobowitz, 1985) and, in females, in the MPOA (Leibowitz et al., 2007) . Galanin stimulates GnRH release (Sahu et al., 1987; Lopez and Negro-Vilar, 1990 ), whereas galanin antagonists (Sahu et al., 1994) and antiserum (Lopez et al., 1993) block the LH surge and ovulation. Galanin is secreted in a pulsatile manner (Lopez et al., 1991; Weller et al., 1992) .
Galanin receptors on GnRH neurones have been detected (Mitchell et al., 1999) and a subset of GnRH neurones expresses galanin (Coen et al., 1990; Merchenthaler et al., 1990) . Galanin action at these neurones in a paracrine/autocrine system may be part of the process by which the GnRH pulse shape is formed (Rossmanith et al., 1996a) . Similarly, a subpopulation of kisspeptin neurones in both the AVPV and ARC have recently been shown to coexpress galanin (Porteous et al., 2011) .
Galanin is markedly up-regulated by estrogen (Ceresini et al., 1994; Marks et al., 1994; Rossmanith et al., 1996b) via estrogen beta-receptors (Merchenthaler et al., 2005) in galanin neurones and levels peak in GnRH neurones at pro-oestrus (Gabriel et al., 1990; Rossmanith et al., 1996b ). It appears that galanin has bipolar activity, such that at some stages of the cycle when estradiol levels are low it can be inhibitory (Splett et al., 2003) .
Galanin and food intake
Galanin induces ingestion of increased quantities of food (Leibowitz, 2005) . Galanin strongly induces a preference for fat (Tempel et al., 1988; Smith et al., 1996) and the presence of substantial fat in the body's system elicits increased response to galanin (Leibowitz, 2005) . There is therefore a partial positive feedback. Conversely, the ingestion of a fat rich diet is reduced by injection of a galanin receptor antagonist (Tempel et al., 1988; Odorizzi et al., 2002) . In women with anorexia nervosa, it is possible that reduced galanin expression, as manifest by low CSF levels, may contribute to food avoidance and perhaps aversion to fat (Frank et al., 2001) . Galanin is not strongly responsive to food deprivation or to changes in leptin (Leibowitz, 2005) and is therefore apparently not a primary response peptide to food scarcity.
Galanin-like peptide
GALP was identified as a peptide being able to activate galanin receptors in in vitro systems, the mature form of GALP being a 60-amino-acid neuropeptide. It is highly expressed in the ARC of the hypothalamus (Larm and Gundlach, 2000; Takatsu et al., 2001a) , and GALP fibres have also been shown to localize in the PVN, the bed nucleus of the stria terminalis (BST), the MPOA, the lateral septal nucleus and the lateral hypothalamus around the fornix. In the rat MPOA and BST GALP-containing nerve terminals/processes lie in apposition with GnRH-containing cell bodies and processes (Takatsu et al., 2001a) and make synaptic contacts (Takenoya et al., 2006) .
GALP and fertility
GALP elicits LH release following intracerebral injections in mice . Furthermore, GALP-induced LH secretion is blocked by the administration of GnRH receptor antagonist in both rat (Matsumoto et al., 2001 ) and macaque implying that GALP stimulates secretion of GnRH, possibly via an intermediary cell (Seth et al., 2004) . GALP-immunoreactive fibres were in close apposition with GnRH-immunoreactive fibres in the MPA and BST (Takatsu et al., 2001b) . The stimulatory effect of GALP is estrogen-dependent (Uenoyama et al., 2008) .
GALP and food intake
GALP has anorectic activity in mice and rats with an acute orexigenic effect in rats (Lawrence et al., 2002; Matsumoto et al., 2002; Shiba et al., 2010) . Fasting decreases both the number of GALP-expressing neurones and the expression of GALP mRNA (Jureus et al., 2001; Fraley et al., 2004) .
Oxytocin
Oxytocin is a nonapeptide. Besides being localized in its traditionally described sites in the magnocellular neurones (Burbach et al., 2001) , oxytocin is produced in parvocellular neurones that project to the median eminence, brain stem and spinal cord, as well as limbic and olfactory areas and some oxytocinergic fibres and oxytocin neurones are present in the MPOA (Jirikowski et al., 1988; Caligioni et al., 2007) .
Oxytocin and fertility
Oxytocin levels vary during the oestrous cycle (Sarkar and Gibbs, 1984; Windle and Forsling, 1993; Caligioni and Franci, 2002) . However, the production of the peptide seems to be independent of the cycling estrogen levels (Caligioni et al., 2007) . Oxytocin induces GnRH release from hypothalamic explants on the afternoon of pro-oestrous (Selvage and Johnston, 2001) , and oxytocin antagonists centrally inhibit the pro-oestrus LH surge (Johnston et al., 1990) . A subpopulation of GnRH neurones in the region of the organum vasculosum laminae terminalus express oxytocin receptor in female rats on the afternoon of metoestrus and pro-oestrus (Caligioni et al., 2007) . Estradiol increases the oxytocin receptor binding affinity in the MPOA in rats (Caldwell et al., 1994) although not oxytocin receptor levels (Caligioni et al., 2007) suggesting a possible mechanism whereby estrogen may regulate the activity of oxytocin on GnRH neurones.
In women, exogenous oxytocin infused in the late follicular phase advanced the onset of the endogenous LH surge (Hull et al., 1995) and on the other hand administration of an oxytocin antagonist blunted the pre-ovulatory LH peak in women (Evans et al., 2003) . However, there may be a limited physiology under which an effect of oxytocin administration is observed (Vanakara et al., 2007) .
Oxytocin and food intake
Administration of oxytocin reduces feeding (Lin et al., 1983; Arletti et al., 1989) . Centrally injected oxytocin inhibits refeeding in fasted rats, and this can be blocked by an oxytocin antagonist (Olson et al., 1991) . One of the likely targets of oxytocin for the regulation of these behaviours is the VMN (Leng et al., 2008) , a major satiety centre, which is an area of high expression of oxytocin receptor mRNA and oxytocin-binding sites. In particular, oxytocin modulates intake of sweet solutions and is required for normal satiety after ingestion of carbohydrate (Mantella et al., 2003) . In underweight women with restricting anorexia the levels of oxytocin in the CSF were low (Demitrack et al., 1990) .
Alpha-melanocyte-stimulating hormone
Alpha-MSH is a 13-amino-acid product of POMC and is derived by processing a precursor in POMC/CART neurones. POMC is principally expressed in the ARC of the hypothalamus and also in the intermediate lobe of the pituitary, and the nucleus of the solitary tract (NTS) of the brainstem (Joseph et al., 1983) . Within the hypothalamus the neurones innervate the preoptic area, median eminence and VMN (Gonzalez et al., 1997) . Another population projects to the PVN, the lateral hypothalamus, the posterior hypothalamus and the central nucleus of the amygdala.
Alpha-MSH and fertility
Projections from the ARC of POMC/CART neurones (Leranth et al., 1988; Plum et al., 2006) are in close proximity to GnRH neurones in the MPOA. Alpha-MSH peptide is another peptide that has qualitatively bipolar effects, acting centrally to affect LH (Scimonelli and Celis, 1990; Gonzalez et al., 1997) . When it is injected before LH pro-oestrus release, the peptide has a stimulatory action (Alde and Celis, 1980; Celis, 1985) . However, when it is injected after the LH surge in the oestrus or metoestrus period when estrogen levels are low, aMSH has an inhibitory effect on LH release (Volosin and Celis, 1984; Celis, 1985) . In women with hypothalamic amenorrhoea aMSH administration induces LH release (Reid et al., 1984) . In the primate aMSH has a neutralizing effect on the inhibitory activity of b-endorphin on LH release (Wardlaw and Ferin, 1990; Shalts et al., 1992) . Additionally, in women, a variable effect of administration of aMSH was observed dependent on the stage of the ovulatory cycle, in that LH release was elicited in normal women by administration during the luteal phase and midcycle surge but not during the follicular phase nor in post-menopausal women (Reid et al., 1984) . POMC mRNA and aMSH in the MBH and the anterior hypothalamus/preoptic area of castrated rats decreased significantly after 3 weeks of estradiol treatment (Treiser and Wardlaw, 1992) .
Alpha-MSH and food intake
The melanocortin system plays a role in mediating hunger (Sutton et al., 2005) and satiety (Azzara et al., 2002; Zheng et al., 2005) . POMC neurones induce anorectic behaviour, a process thought to be principally mediated by aMSH. POMC mRNA was lowered by fasting (Schwartz et al., 1997; . Administration of aMSH potently suppresses food intake when injected intracerebroventricularly (Fan et al., 1997; Murphy et al., 1998) . On the other hand central administration of a melanocortin receptor antagonist stimulates food intake (Fan et al., 1997; Murphy et al., 1998) , even in already overfed rats (Hagan et al., 1999) , and can induce hyperphagia and severe obesity (Kask et al., 1999) .
Interactions of neuropeptides
Many interactions have been reported in a network of hormones and neuropeptides (Fig. 2) . Besides direct effects on the reproductive or appetite axes there have also been numerous indirect effects observed, and these may contribute to the capacity for redundancy and/or to additionally regulate the downstream effects.
Kisspeptin interactions with NPY and POMC neurones
Kisspeptin neurones have recently been observed to indirectly affect NPY (inhibition) and directly affect POMC (stimulation) activities (Fu and van den Pol, 2010) .
Galanin, GALP and aMSH interactions with NPY-expressing neurones
NPY secretion from hypothalamic neurones is stimulated by galanin (Bergonzelli et al., 2001) .
Intracerebroventricular GALP injection induces a potent short-term stimulation of food intake mainly via activation of NPY-containing neurones in the DMN (Kuramochi et al., 2006) . NPY-related feeding is inhibited by aMSH, which is anorexigenic (Wirth et al., 2001 ) with actions possibly involving neurones within the DMH . AgRP co-expression may also be down-regulated by leptin (Broberger et al., 1998; .
Galanin, GALP and NPY interactions with POMC-expressing neurones
Inhibition of secretory activity of POMC neurones by galanin has been observed (Bouret et al., 2002) both presynaptically (Kinney et al., 1998) and post-synaptically (Poulain et al., 2003) . In fact galanin fibres are observed adjacent to POMC neurones (Horvath et al., 1995) and POMC neurones contain galanin receptors (Bouret et al., 2000) .
After chronic intracerebroventricular GALP injection (Hansen et al., 2003) in the ob/ob mouse in vivo the number of POMC mRNA-expressing cells is reduced.
Many POMC neurones in the ARC express Y1 and possibly Y2 mRNA and protein (Broberger et al., 1997) , and are regulated by NPY. Interactions between NPY/AgRP and POMC neurones in the response to leptin in regulation of body mass may be explained by an additive model for the two types of neurones (van de Wall et al., 2008) .
NPY interactions with galanin-expressing neurones
NPY stimulates galanin expression (Horvath et al., 1996) .
How metabolically responsive neuropeptide interactions impact on gonadotrophin levels
As noted above, a number of the peptides that regulate the ovulatory cycle are also involved in modifying food intake. Development of appropriate corrective responses when metabolic fuels are low takes the form of interrupting the mechanisms involved in ovulation in order to prevent the birth of more individuals during inadequate food supplies. The alteration apparently occurs, to a substantial extent, in the hypothalamus. One of the underlying concepts of this regulatory process is that absence of ovulation in these circumstances is not a pathology but rather an adaptive response to environment. The state of anovulation will be characterized by low circulating levels of estrogens, which will be present as a consequence of absent follicular maturation. Energy stores affect signals to peptides in the hypothalamus and the interactions between them will determine whether development of the follicle, under the influence of GnRH, will resume and hence whether rising estrogen levels will occur with consequent alteration of the activities of certain neurones.
The crucial importance of pulse characteristics is supported by clinical observations (Genazzani et al., 1995; Perkins et al., 1999; Meczekalski et al., 2006) . A disruption of the control of pulsatility (Xu et al., 1996) may be sufficient to disrupt the ovulatory process. This might occur, for example, by alteration of NPY signals by leptin (Ahima et al., 1996; Gao and Horvath, 2008) , or ghrelin (Romualdi et al., 2008) or of galanin signals by opioids, or GALP signals under the influence of estradiol (Uenoyama et al., 2008) .
Integration of the reproductive and energy balance axes Besides the effects of caloric content, the nature of food ingested (i.e. proteinaceous, fatty, carbohydrate, sweet, and so on) can alter endocrinology of the hypothalamo-pituitary axis. The difference in reproductive endocrinology of women on different types of diets (Pirke et al., 1986 (Pirke et al., , 1989 Laughlin et al., 1998) indicates that some signalling of distinct neurones is differentially modulated by food type. A relationship between galanin and fat metabolism has been reported (Gorbatyuk and Hokfelt, 1998; Wang et al., 1998) . Therefore, alteration of galanin-mediated effects may be of increased relevance in women who have, say, vegetarian diets that may be low in animal fats. The effect of a vegetarian diet might also reflect galanin activity on the pathway involving NPY where we can speculate that galanin is low and so NPY activity might consequently be lessened because of reduced galanin stimulation (Nakazato et al., 2001; Kuramochi et al., 2006) . Fat content may also alter ghrelin activity (Beck et al., 2002; Weigle et al., 2003) . Also carbohydrates affect NPY (Stanley et al., 1985; Levine et al., 2004) and oxytocin (Mantella et al., 2003) neurones. Oxytocin may also be associated with reduction in sweet food intake (Amico et al., 2005; Billings et al., 2006) .
A tight association between leptin and the hypothalamo-pituitary axis was inferred. It was demonstrated that leptin could overcome the interactions of food intake and reproductive function (Gonzalez et al., 1999) . In women with exercise or anorexia-induced amenorrhea leptin treatment increased LH pulse frequency (Licinio et al., 1998b; Welt et al., 2004) . However, GnRH neurones do not have leptin receptors, and evidence for an indirect nature of the effect of leptin was recently obtained (Quennell et al., 2009; Louis et al., 2011) . The discovery that kisspeptin is central to reproduction led to the proposal that there is a vital leptin -kisspeptin step in the pathway (Smith et al., 2006a) . However, direct actions of leptin on kisspeptin neurons do not appear to be required for fertility Donato et al., 2011; Louis et al., 2011; Quennell et al., 2011) .
The subsections below arrange the information as a description of neuropeptide and hormone activities that are consistent with anovulation or ovulatory function. This presentation highlights the elegance of the characteristics for the appropriate phenotype. Further, there are instances where, for a particular neuropeptide, e.g. NPY (Stanley et al., 1985; Jain et al., 1999; Raposinho et al., 1999) and leptin (Bates et al., 2003; Donato et al., 2011) , there are distinct hypothalamic pathways operating for appetite or fertility. The documentation of these characteristics in this review, summarized in Figs 1 and 2 , enables an understanding to develop of both the complexity and metabolic tolerance of the relationship between the two axes.
Low energy balance
In a low-energy environment the ovulatory cycle is non-functioning, and therefore ovarian follicle development will not occur. Thus, the pathways of enhanced ovarian estrogen synthesis will not be activated.
Low food supply reduces levels of kisspeptin mRNA expression Luque et al., 2007) in the AVPV but not ARC (Kalamatianos et al., 2008) . Low levels of estrogens may result in reduced positive kisspeptin activity by lack of stimulation on the kisspeptin neurones of the AVPV . In fact the elevated level of kisspeptin mRNA in the AVPV found in the presence of estradiol was suppressed by fasting (Kalamatianos et al., 2008) . In a low estrogen environment there is increased expression of kisspeptin in the ARC which mediates a negative feedback on GnRH . Leptin does not seem to have a direct interaction with GnRH neurones (Finn et al., 1998; Quennell et al., 2009) . In a state of low energy balance leptin levels will be lowered and stimulation (indirectly) of kisspeptin (in the AVPV) correspondingly weak. Similarly, insulin will have small influence. In conditions of low food availability, NPY will be elevated (Sahu et al., 1988; Baskin et al., 1999b; Grove et al., 2003) . In low estrogen situations NPY inhibits pulsatile GnRH release Khorram et al., 1987; . Galanin will be inhibitory on GnRH secretion in a low estrogen environment. Intermittent pulsatile signalling of the neuropeptides NPY and galanin (Lopez et al., 1991; Weller et al., 1992) , especially in a co-operative manner, may be one of the underlying processes that establishes GnRH pulsatility (Xu et al., 1996) and this may be altered. It is possible that a diet with low fat content may decrease galanin expression and thence reduce to some extent the desire for fat and thus delay the return to normal leptin, and insulin, expression. If such is the case we might suggest it is plausibly a mechanism to prevent premature re-activation of fertility. GALP is decreased during fasting (Shiba et al., 2010) . The stimulatory effect of GALP is estrogen-dependent (Uenoyama et al., 2008) , and it is thus anyway relatively ineffectual in non-ovulatory cycles. Ghrelin in women is raised during reduced energy balance (De Souza et al., 2004; Leidy et al., 2007) . Ghrelin is more orexigenically potent in the absence of estrogen (Clegg et al., 2007) . Therefore during anovulatory conditions ghrelin will provide added metabolic stimulation of food intake. At the same time ghrelin will be suppressing GnRH release Vulliemoz et al., 2004) . Part of the action of ghrelin may be to reduce the sensitivity of the pathway that increases kisspeptin activity (Martini et al., 2006) . Alpha-MSH is anorectic and is reduced in starvation. In a low estrogen environment aMSH is inhibitory on GnRH release. Although oxytocin inhibits carbohydrate intake it is unlikely to act as a sensitive mediator of low food availability.
The state of anovulation because of low or negative energy balance is not a state similar to early or mid follicular phase. For example, fasting stimulates food intake via a simultaneous increase of NPY and decrease of melanocortin. Other peptides involved in both appetite control and fertility are not at levels appropriate for a functional follicular phase profile.
Transition to ovulatory state
As the effects of the orexigenic peptides (NPY, ghrelin, galanin and GALP, as well as other compounds that are not connected to the ovulatory axis) alter food intake and energy balance there will be an increase in leptin expression. This is a vital change in the context of eliciting increased GnRH release and thence pituitary FSH secretion that stimulates follicle development and estradiol production. Leptin administration overcomes other hypothalamic peptidic deficits and inhibitions (Licinio et al., 1998b; Welt et al., 2004) and it may be assumed that endogenous leptin has potential to act similarly. Further, ghrelin levels will decline as energy balance is restored (Jayasena et al., 2009) and its inhibitory activity on GnRH release will be reduced. The accumulation of fat stores will induce galanin expression, which by positive feedback (Leibowitz, 2005) will encourage more fat intake. Expression of kisspeptin itself will be increased as positive energy balance is restored Luque et al., 2007; Brown et al., 2008) . The potent role of kisspeptin is revealed by its ability to override inhibitory activities that are acting on the GnRH neurones Jayasena et al., 2009 ).
Favourable energy balance
With a favourable energy balance ovulation occurs. This can be understood by the alteration in activity of peptides in this condition.
When nutritional sources increase and energy balance is restored, fat stores will be increased and consequently leptin levels rise, and also insulin, and their interactions redevelop. Thence kisspeptin is stimulated by leptin and via GnRH (and relevant gonadotroph-associated factors) FSH is produced. In this environment follicular development will occur and estrogen will be synthesized by the granulosa cells and leptin possibly further increased (Hardie et al., 1997; Lin et al., 2005) . Kisspeptin will exhibit its capacity to stimulate GnRH release in the permissive environment. It has been well established that NPY enhances GnRH release in an estrogenized environment, as will be present in potentially ovulatory cycles. In this case, NPY is active reproductively but not as a chronic appetite enhancer. Therefore, there is not necessarily a simple or equal relationship between the effects of a population of neurones on the fertility axis and the feeding processes (Myers, 2004; van de Wall et al., 2008; Donato et al., 2011) . This may be partly explained by selective signal transduction pathways (Bates et al., 2003) or differential modulation of populations of receptor subtypes (Jain et al., 1999; Raposinho et al., 1999) . NPY expression may also respond to galanin neuronal activity (Horvath et al., 1996; Kuramochi et al., 2006) . Galanin stimulates appetite in a positive feedback cycle involving fat intake (Tempel et al., 1988; Smith et al., 1996) . Hence significant galanin levels will tend to maintain fat stores as it stimulates hypothalamic GnRH secretion. Galanin will then reach levels where it can stimulate NPY expression and additionally co-operate in stimulating pulsatile GnRH release in this environment. Galanin may act directly on GnRH neurones. Galanin is observed to have increased expression in GnRH neurones when estrogen (and progesterone) levels are raised (Gabriel et al., 1990; Marks et al., 1994) and estradiol is induced in individuals who consume diets with higher fat content (Leibowitz et al., 2007) . Oxytocin receptor affinity is altered by the changes in estrogen. The observed stimulatory effect of GALP on LH release is estrogendependent (Uenoyama et al., 2008) . Release of GALP is also stimulated by leptin (Seth et al., 2004) . When energy stores are increased the level of orexigenic ghrelin decreases. Hence the GnRH neurones are released from the inhibitory activity of ghrelin (Furuta et al., 2001; Iqbal et al., 2006) .
A corollary of these considerations is that a dysfunctional network may lead to pathologies, such as anorexia nervosa where altered regulation of leptin and NPY may contribute to amenorrhea observed even after weight gain in anorectic patients (Oświecimska et al., 2005) .
Questions and thoughts for the future
A few aspects that require investigative clarification are discussed below.
Food type
Total energy availability may not be the only metabolic regulator of hypothalamic reproductive function. For example, trans fats, animal protein sources and high-glycemic carbohydrates have been linked to anovulation in humans (Chavarro et al., 2007) . Vegetarian diets are associated with effects on the reproductive axis distinct from those that accompanied diets containing meat (Pirke et al., 1986 (Pirke et al., , 1989 .
Time effects
GALP may increase food intake during an acute phase via orexigenic activity and have an anorectic action at a later time (Matsumoto et al., 2001) . It has been suggested that NPY may acutely affect ghrelin activity whereas AgRP may be a chronic modulator of ghrelin effects (Gil-Campos et al., 2006) .
Quantification
The quantitative effects of each peptide need to be defined. There are questions around redundancy, including whether there are additive effects of neuropeptides, and the consequences of interactive processes. Investigations of NPY, ghrelin and GHS-R null animals suggest that there is substantial redundancy in orexigenic pathways (Schwartz et al., 2003) although distinct alterations in metabolism may occur (Wortley et al., 2004; Kageyama et al., 2005) .
Derivation of energy balance
The discussion in this review made little distinction between lack of food and uncompensated energy expenditure and assumed both conditions have the same fundamental mechanisms of action on the ovulatory axis. Additionally different types of exercise may induce distinct metabolic responses and it has been suggested that there might be different basic causes of anovulation in exercising women with normal body weight and in lean athletes (Constantini and Warren, 1995) .
Obesity
Infertility associated with obesity may be considered as being related to a variation of the controls that surround low energy balance. In fact kisspeptin cell numbers and mRNA expression are decreased by exposure to a high fat diet in female mice. The observations suggested, however, that diet-induced infertility may occur by mechanisms different to those by which infertility is caused by isolated leptin deficiency (Quennell et al., 2011) . It has been suggested that infertility associated with obesity appears to be, at most, only partly related to sensitivity of the hypothalamus to metabolic fuels (Mircea et al., 2007) . In this regard, conditional transgenic deletion of suppressor of cytokine signalling-3 (SOCS3, which promotes leptin resistance in obese individuals by inhibiting leptin signalling) was only partly able to ameliorate infertility owing to chronic high fat diet feeding in mice (H.J.L. McEwen and G.M. Anderson, unpublished data). There may potentially be several mechanisms because women with polycystic ovary syndrome or Prader-Willi syndrome are obese and amenorrheic but, nevertheless, their hormone profiles differ (Eldar-Geva et al., 2010).
Other cell types
Other neuropeptides not considered here, such as RFamide related peptide-3 , are known to project to GnRH neurones but have yet to be investigated in regard to their responsiveness to metabolic hormones. Furthermore, the roles of glial cells, which are known to mediate estrogenic control of GnRH function (Prevot et al., 2010) , warrant further attention.
Experimental approaches
The difficulty of conclusively establishing the nature of a second-order input to GnRH neurones (i.e. hormone-intermediate neuroneGnRH neurone) is well recognized. Conditional transgenic knockout approaches have enabled deletion of leptin or insulin receptors from specific neuronal types (e.g. Quennell et al., 2009) but the lack of a strong reproductive phenotype in many of these models (Shi et al., 2010; Donato et al., 2011) suggests that redundancy or developmental compensation may mask the true importance of the pathway. Very recently 'restoration of function' approaches enabled leptin or insulin signalling in one brain region or on one cell type . These functional experiments will need to be complemented by modern neuroanatomical approaches, such as GnRH neurone-specific retrograde tract tracing (Wintermantel et al., 2006; Louis et al., 2011) , to delineate the full pathways.
Summary
A number of hypothalamic neuropeptides are involved in both female fertility and nutrition systems and so have potential to be prominent regulators associated with altered energy balance. These include galanin, GALP, aMSH, NPY and oxytocin. Additionally hormones including ghrelin, insulin and leptin are active in both axes. These compounds, when responding to nutritional drivers, affect not only energy balance but in many cases also food type intake. Thus, the state of FHA can be conceptualized as not related to 'dysfunction' of the cycle but rather the cycle being 'maintained' in a state of anovulation, and in conditions of adequate energy there are stimuli that are 'producing' ovulation which is appropriate for the environment. This review developed available information to an explanatory schema that integrates multiple peptide links.
When there is negative energy balance and fat stores are low, the expression of oriexigenic peptides is increased and levels of leptin and insulin are decreased and ghrelin increased. The alteration in hormones results in less GnRH release, by both kisspeptin-mediated and alternative pathways, and thus less FSH production by the pituitary gland. Thence development of ovarian follicles and production of estradiol is suspended. Low levels of estradiol are inadequate to stimulate activity in critical neurones. Thus restoration of ovulatory function cannot occur until favourable metabolic energy balance is restored. As stores increase expression and secretion of hypothalamic neuropeptides return to levels that enable participation in stimulation of GnRH, and FSH then acts to stimulate follicular growth with consequent estrogen production. In the subsequent estrogenized environment neuropeptide functionality results in cyclical ovulation. Fertility is thereby adjusted to be appropriate for the available metabolic fuels.
